Nanofluidics is well established as a tool for the study and the development of new methods in single molecule analysis. In particular, nanopores and nanochannels are used for many applications, such as biomolecule separation, detection and manipulation[@b1].

In this context, the slowing down and the control of the conformation of single DNA molecules inside nanoconfining structures are critical issues. As an example, a challenging application such as ultra-fast DNA sequencing would benefit from an accurate control of single molecule dynamics. The working principle is based on the analysis of ionic current fluctuations elicited by the electrophoretic passage of DNA molecules inside a single nanochannel or nanopore. In principle, single nucleotide detection can be achieved by discriminating their different current signature[@b2]. Nevertheless, several problems remain to be solved. In fact, the high speed of DNA strand translocation (about 5μs per base) does not allow to accurately measure and discriminate ionic current fluctuations for the four distinct DNA bases. Indeed, such a sensitive measurement of DNA translocation signature would require an extremely high bandwidth, with the drawback of increasing baseline recording noise up to levels higher than single base current fluctuations, thus preventing their discrimination.

Furthermore, the slowing down and the manipulation of DNA strands[@b3] would significantly improve the sensitivity of single molecule electrical detection in many other applications, such as the study of the unravelling[@b4] and conformation[@b5] of ssDNA and dsDNA inside nanopores or nanochannels, and the realization of force measurements on DNA molecules[@b6].

The translocation speed of DNA can be reduced by lowering temperature[@b7], increasing solvent viscosity, decreasing potential bias between the two sides of the pore or channel[@b8][@b9][@b10] and modifying the surface charge[@b11] (by changing molarity and pH of the solution). However, all these methods are often associated with high noise level, which prevents DNA detection. To overcome this limit, the spatial control of DNA inside the nanoconfinement region can be achieved by using optical tweezers[@b6][@b12][@b13] or by labeling target molecules with particles or markers, such as magnetic beads[@b14], which cause a reduction in the polymer speed without impairing ionic currents. However, a complex and often expensive preparation of the sample before the measurement is the main disadvantage of these techniques.

An alternative approach to alter translocation dynamics is based on the possibility to dynamically change the nanostructure size. Biological and solid state nanopores have a fixed dimension that cannot be tuned during measurements. Several strategies have been developed to overcome this limitation, all based on nanopore functionalization with biopolymers able to change their conformation depending on the external conditions, such as voltage[@b15] or temperature[@b16]. However, chemical activations are generally not well controlled[@b17] and detection is influenced by interactions between target molecules and the functionalization layer.

The use of elastomeric materials opens up new possibilities to obtain resizable devices[@b18][@b19]. As an example, Sowerby *et al*.[@b20][@b21] described the use of a single resizable nanopore that can immobilize and manipulate polynucleotides, thus prolonging their translocation time.

Here we propose a new method that exploits the elastomeric behavior of soft polymeric materials to fabricate tuneable devices for the manipulation and trapping of DNA molecules inside a nanochannel[@b22][@b23]. In particular, we present the fabrication process of an elastomeric Lab-On-Chip device and the characterization of the nanochannel resizing in response to a compressive strain. A DNA detection experiment is reported, showing that the molecular translocation time increases when the nanochannel cross section is decreased.

Results
=======

Device fabrication and characterization
---------------------------------------

The device consists of a single nanochannel linking two microchannels, as shown in the top view sketch of [figure 1](#f1){ref-type="fig"} (DEVICE LAYOUT and SEM image). Four cylindrical reservoirs are present in order to connect the device to an external fluidic apparatus and to insert wire electrodes.

The fabrication procedure (see Methods section) is based on a double replica molding process: in particular, poly(dimethylsiloxane) (PDMS) is used to obtain a polymeric device starting from a micro- and nano-patterned silicon master[@b24]. Its properties, such as good biocompatibility, thermal stability, homogeneity, chemical inertness and durability[@b25], make it suitable for our application.

The final device is a composite stamp made of three polymeric layers, as shown in the schematic cross section of [figure 1](#f1){ref-type="fig"} (POLYMERIC DEVICE CROSS SECTION): a thick PDMS 10:1 stab, a thin PDMS 3:1 layer and an oxidation layer. This last layer is produced by an O~2~ plasma treatment that is performed in order to close the device with a glass coverslip.

The thickness of the oxidation layer was measured by Atomic Force Microscopy (AFM) following the procedure outlined by Mills *et al.*[@b26], finding a value of about 100 nm. This value is comparable with the dimension of the nanochannel, which was also evaluated by AFM measurements on the PDMS positive replica. The height profile shows a V-shaped cross-section with an estimated depth h = (70 ± 5) nm and a width b = (1.0 ± 0.3) μm. The length of the nanochannel is 15 μm.

Uniaxial compressive tests gave a similar value for the Young\'s modulus of PDMS 10:1 and PDMS 3:1 layers, which is equal to about 2 MPa, for small deformations.

Squeezing experiment
--------------------

The elastomeric nature of the material allowed changing the nanochannel cross section by imposing a compressive strain on the top of the device.

The polymeric nanochannel squeezing experiment was performed by anchoring the device to a rigid support and imposing a compression on the polymeric top of the device by means of a calibrated moving screw, as shown in [figure 2a](#f2){ref-type="fig"}. The displacement of the screw with respect to the initial position (ΔL) corresponds to the reduction of the thickness of the device with respect to its value when no compression is applied (L~0~ = 5 mm). So, each value of compressive strain, D = ΔL/L~0,~corresponds to a nanochannel shrinking.

After filling the device with KCl 1M solution, the ionic current was measured at different applied voltages by means of two Ag/AgCl electrodes connected to a patch clamp amplifier.

The current/voltage curve was linear, and could be fitted to obtain the electrical conductance of the nanochannel, G[@b27]. Neglecting the surface conductance contribution[@b28] and the access resistance[@b29], the nanochannel section S is related to its conductance, its length l, and the ionic conductivity of the solution σ, by the Ohm\'s relation:

Since the channel conductance is directly related to its cross section, the nanochannel squeezing was measured by means of electrical recordings. Therefore, during the compression, the electrical response was monitored and the results are shown in [figure 2b](#f2){ref-type="fig"} (black squares), where the conductance (G) normalized to its value at ΔL = 0 (G~0~) is plotted as a function of D. When the imposed displacement increases, the conductance decreases, due to the reduction of the cross section of the nanochannel. These measurements were repeated 10 times by using a different device each time, obtaining compatible results: if a device is correctly filled with the salt solution, the squeezing experiment can be performed and the result follows the trend shown in [figure 2b](#f2){ref-type="fig"}. This means that the reproducibility of the experiment is mainly related to the fabrication process: about the 80% of devices can be effectively used for ionic current measurements.

Simulations of nanochannel deformation
--------------------------------------

Numerical simulations of the squeezing process were performed using Comsol Multiphysics 3.5a. The device was modeled as a bilayer made of a bulk PDMS layer and an oxidation layer.

Results of the simulations are shown in [figure 2b](#f2){ref-type="fig"} (circles). The experimental squeezing behaviour ([figure 2b](#f2){ref-type="fig"}, squares) is well described by the numerical simulations ([figure 2b](#f2){ref-type="fig"}, circles) performed using E~ox~ = 2.3 GPa, which corresponds to a stiffness of the oxidation layer nearly 1000 times higher than the PDMS bulk one[@b30].

The agreement between computational analysis and experiment gives the possibility to evaluate the shape of the squeezed nanochannel, which is not directly deducible from conductance measurements. In particular, simulations show that the deformation of our triangular nanochannel begins with the drop of its roof (D ≤ 0.3) and, when the compression is increased, also its base undergoes a reduction. As an example, the simulated profile of the nanochannel for D = 0.3 is shown in [figure 2c](#f2){ref-type="fig"}. The bulk PDMS layer and the oxidation layer domains are represented in light and dark grey, respectively. The undeformed channel shape is indicated by a black line.

DNA manipulation
----------------

In order to study how nanochannel squeezing influences molecular translocation, we performed λ-DNA detection experiments at different compressive strain.

λ-DNA was added in the microchannel connected to the negative electrode. Once a positive voltage bias was applied, the negatively charged DNA molecules moved towards the positive electrode passing through the nanochannel, and translocation events were detected as transient current drops. [Figure 3a-b-c](#f3){ref-type="fig"} reports three current traces recorded for compressive strain of 0, 0.30 and 0.35, respectively, and by applying a voltage bias of 200 mV (no software modifications have been performed). Several signal spikes appeared, corresponding to single molecule translocations, not present in the trace recorded by filling the device with the KCl buffer without DNA. During the nanochannel squeezing, the shape of the detected signal changed, as shown in [figures 3d-e-f](#f3){ref-type="fig"}, for D = 0, 0.30 and 0.35, respectively. Considering that the noise band (about 20 pA) is half the mean event amplitude (about 40 pA), single events are well distinguishable and statistical analysis of current traces allows to identify them and to calculate their duration in order to deduce the mean translocation time, Δt. In particular, to calculate the spike duration, the starting point of the event was set as the first point before the current trace falls below a fixed threshold, and the ending point as the first point after the current rises back above the threshold. [Figures 4a](#f4){ref-type="fig"} shows the plot of Δt as a function of the applied voltage for D = 0.35: when increasing the applied voltage (V), Δt decreases, due to the enhanced molecule velocity, following the relation: A fit was performed, obtaining β = (−0.7 ± 0.1). This behavior is expected for current fluctuations associated to translocation events of long DNA chain in nanochannels[@b31][@b32][@b33].

[Figure 4b](#f4){ref-type="fig"} shows the plot of mean translocation time Δt (200 mV of voltage bias) as a function of the compressive strain D for two different devices (circles and squares). Histograms (related to circular data points in [figure 4b](#f4){ref-type="fig"}) of the event duration Δt at different compressive strain values (D = 0, 0.14, 0.23, 0.35, 0.385) are shown in [figure 4c](#f4){ref-type="fig"}.

By reducing the nanochannel dimensions (from an estimated section of S~0~≈ 35600 nm^2^ at D = 0 to S~0.385~ ≈ 6800 nm^2^at D = 0.385), the duration of translocation events increases.

Discussion
==========

In this study we describe the fabrication and use of an elastomeric nanochannel device. In particular, our results demonstrate the possibility of tuning the size of the nanochannel - thus controlling its cross section - in order to alter the translocation dynamics of λ-DNA molecules. The device characterization has been performed both experimentally and numerically. The squeezing experiment demonstrates that we are able to control deformations at the nanoscale by simply applying an external macroscopic compressive strain. The smallest section that we experimentally obtained during squeezing experiments was S = 68 nm^2^, corresponding to D = 0.55.

Simulations were performed in order to understand how the nanochannel is deformed by the applied compression, up to a strain value of D = 0.35. The nanochannel squeezing strongly depends on the mechanical properties of the device, such as the Young\'s modulus of the oxidation layer. A good agreement between experiments and simulations was achieved by using a value for the stiffness of the oxidation layer that is three orders of magnitude higher than that of the bulk PDMS. After setting this value, we performed simulations to predict the channel shape ([figure 2c](#f2){ref-type="fig"}). In particular, this analysis revealed that the nanochannel aspect ratio is high for all the values of compressive strain (b/h ≫ 1). This information is crucial to understand the confinement capabilities of the nanochannel. Indeed, the DNA manipulation experiment demonstrates that the confinement of DNA molecules during their translocation through the nanochannel strongly depends on the applied compressive strain (D), i.e. on the nanochannel deformation. In particular, it is possible to observe a sharp increase in the translocation time at D = 0.3 ([figure 4b](#f4){ref-type="fig"}). For instance, the translocation time at D = 0.385 is one order of magnitude higher than the one obtained at D = 0.

This trend can be explained by considering the conformational changes that a DNA molecule experiences when it is forced to enter and pass through the nanochannel. In fact, when no compression is imposed on the device, DNA chains acquire a blob conformation inside the nanochannel, as predicted by the De Gennes\' model[@b34]. Conversely, when a high compression is imposed on the top of the device, the channel cross section is subjected to a strong reduction. Under this confinement condition, λ-DNA molecules undergo a conformational change as described by Odijk[@b35]. For triangular nanochannels, these scaling laws cannot be directly applied in order to obtain the correct value for the DNA molecule elongation at different applied displacements. Nevertheless, we speculate that conformational changes, due to the unwinding process at the entrance of the nanochannel, affect the translocation time: when entering channels with smaller cross sections, a DNA molecule needs more time to unwind and to pass through it, i.e. the translocation time increases.

Due to the complexity of the process and the particular shape of these nanostructures, a direct comparison between the results reported in [figure 4b](#f4){ref-type="fig"} and data from other systems is not possible. Indeed, the DNA confinement and translocation dynamics in our nanochannel are different with respect to typical solid state or biological nanopores due to the huge length of our channel −15 *μ*m compared to 5--100 nm long nanopores - and to the different shape of the cross section (triangular versus circular). However, despite differences, Fan *et al.*[@b36] demonstrated that the translocation time of λ-DNA in a 10μm long nanotube (50nm diameter) ranges from 4 to 10ms, a value which is in good agreement with our result at high D.

In conclusion, we demonstrated that it is possible to control and reversibly tune the dimension of a nanochannel fabricated using elastomeric materials, so to fit the target molecule dimensions. We electrically detected single DNA molecules at different squeezing conditions, demonstrating the possibility to manipulate the DNA passage inside the nanochannel: the translocation time obtained at high applied displacement is an order of magnitude higher compared to the one obtained without applying compression. The possibility to dynamically control the nanochannel dimension opens up new opportunities to study the interactions between biomolecules and nanochannels, such as the dependence of the translocation dynamics on the channel size, and effects of moving walls[@b37]. On the other hand, nanochannel manipulation offers great opportunities in biosensing, especially for single molecule analysis, and it is promising for further development in ultra rapid sequencing technology, which would greatly benefit from a significant slow down of DNA molecules.

Methods
=======

Fabrication procedure
---------------------

A silicon substrate was micromachined by standard lithographic techniques creating two microchannels (height 50 μm, width 500 μm) and four reservoirs. The distance between the two microchannels in the central zone is 200 μm. Cylindrical pillars (50 μm height and 50 μm diameter) were arranged along the microchannels to avoid polymeric replica collapse. A CrossBeam@ workstation 1540XB model (Zeiss) that combines an ultra-high resolution scanning electron microscope (UHR-SEM) with a Focused Ion Beam (FIB) was then used to fabricate two facing trapezoidal excavations (114 μm larger base, 6.5 μm smaller base, 92.5 μm height, and the depth flagged gradually from 20 μm to 2 μm) to reduce the distance between the two microchannels down to 15 μm and to create the nanochannel.

Afterwards, poly(dimethylsiloxane) (PDMS) was used to replicate the master: the final positive replica was composed by a thin PDMS 3:1 layer (prepolymer and curing agent ratio 3:1) supported by a thick PDMS 10:1 layer.

The fabrication started with the exposition of the silicon master to 1H,1H,2H,2H-per-FluoroOctylTrichloroSilane (FOTS) to create an anti-stiction layer. The negative replica was fabricated by spin coating PDMS 3:1 on the master. After 30 minutes baking (60°C), PDMS 10:1 was deposited on the top of the master, resulting in a thick (about 5 mm) layer. After 4 hours baking (60°C), the negative replica was peeled off. Then the negative replica was exposed to 1H,1H,2H,2H-per-FluoroOctylTrichloroSilane (FOTS) in order to create an anti-stiction layer. The positive replica was produced from the negative replica following the same procedure: spin coating PDMS 3:1, 30 min baking, spin coating 10:1, 4 hours baking and peel off.

In order to obtain an enclosed nanochannel, the elastomeric device and a glass cover slip were treated for 60s in oxygen plasma with a power of 30 W and put into conformal contact to achieve an irreversible bond.

The device was then connected to an external fluidic apparatus and placed in a double Faraday cage enclosure on an anti-vibration table.

Experimental details
--------------------

Conductance measurements were performed filling the device with 100 μl of a KCl 1M solution. Two Ag/AgCl electrodes allowed to apply the voltage and to collect the ionic current by means of a patch-clamp amplifier (Axopatch 200B, Axon Instruments). The sampling rate for ionic current measurement was set at 250 kHz and the internal low-pass four pole Bessel filter was set at 10 kHz.

For the DNA detection experiment, λ-DNA (48.5 kbp WAKO) was diluted in KCl 1M (3 ng μl^−1^).

Simulations
-----------

We performed plane-strain hyperelastic finite element analysis imposing a displacement, ΔL, on the top of the device and analyzing the closure of the nanochannel[@b30] in order to simulate experimental conditions. We evaluated the squeezing of a triangular cross section nanochannel with height h and base b, obtained from AFM images: h = (70 ± 5) nm, b = (1.0 ± 0.3) μm. Considering that PDMS 3:1 and PDMS 10:1 have similar initial shear modulus, we modeled the device as a bilayer composed by a PDMS 10:1 layer and an oxidized PDMS layer at the interface between the PDMS replica and the glass cover slip. The oxidation layer was considered as a 100 nm thick layer of elastic material with Young\'s modulus E~ox~ = 2.3 GPa. The initial shear modulus and the initial bulk modulus of bulk PDMS were set equal to μ = 0.77 GPa and K = 7.7 GPa respectively. The covalent bonding between the polymeric surface and the glass cover slip was simulated using a fixed boundary condition. The contribution of the work of adhesion between glass and PDMS was neglected. A varying displacement was applied on the top of the device and, for every value of the compressive strain D, the open section of the squeezed nanochannel was evaluated and related to its conductance by using the Ohm\'s law.
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![Device layout.\
On the left, sketch of the top view of the device layout: two microchannels are connected by a single nanochannel (which is shown in the SEM image) and two electrodes (yellow) allow applying the voltage and collecting the ionic current. On the right, a cross section of the polymeric device in correspondence of the blue arrow (where the triangular nanochannel is present): a thick PDMS 10:1 layer supports a thin PDMS 3:1 layer which reproduces the nano and micro features. An oxygen plasma treatment causes the formation of an oxidation layer and allows bonding the polymer with a glass cover slip in order to close the fluidics.](srep00791-f1){#f1}

![Squeezing experiment.\
(a) Sketch of the squeezing setup (b) Conductance G normalized to its zero-displacement value G~0~ plotted *versus* compressive strain D, experimental data (squares) and simulations of the device (circles) (c) Simulated profile of the nanochannel for D = 0.3; the bulk PDMS layer and the oxidation layer domains are represented in light and dark grey, respectively. The not deformed channel shape is indicated by a black line.](srep00791-f2){#f2}

![DNA detection.\
Current traces recorded after the insertion of a solution containing λ-DNA molecules for (a) D = 0, (b) D = 0.3 and (c) D = 0.35. Magnification of a single translocation event for (d) D = 0, (e) D = 0.3 and (f) D = 0.35. All current traces were acquired applying a voltage bias of 200 mV.](srep00791-f3){#f3}

![DNA translocation data analysis.\
(a) Plot of event duration (Δt) *versus* the applied voltage at D = 0.35. (b) Plot of event duration Δt *versus* the compressive strain D at 200 mV applied voltage for two devices (circles and squares), 2h acquisition time each. (c) Histograms of the event duration Δt at different compressive strain values (D = 0, 0.14, 0.23, 0.35, 0.385) at 200 mV applied voltage. Histograms are related to circular data points of figure 4b. The number of events are 35, 128, 1578, 59, 215 for respectively D = 0, D = 0.14, D = 0.23, D = 0.35 and D = 0.385.](srep00791-f4){#f4}
